ABSTRACT: Introduction: Herein we report our experience with the repetitive nerve stimulation (RNS) test in myasthenia gravis (MG) crisis. Methods: The various parameters of the RNS tests in 26 patients with MG crisis were analyzed. Results: In 18 (69%) patients, MG crisis is the first manifestation of MG. RNS tests were abnormal in 24 (92%) patients by decrement at low-rate stimulation in any of 4 tested muscles. Three patterns of abnormality were found: MG pattern (decrement at low-rate stimulation) in 23 patients; Lambert-Eaton myasthenic syndrome pattern in 1 patient; and cholinergic crisis pattern in 1 patient. Discussion: During MG crisis, the RNS test can serve as a rapid and sensitive diagnostic tool for MG in a majority of patients.
Because of the critical nature of myasthenia gravis (MG) crisis, it is essential for clinicians to diagnose MG quickly in new-onset MG crisis patients and confirm MG crisis in known MG patients who present with atypical clinical features, raising doubt about the severity of their MG. The repetitive nerve stimulation (RNS) test can provide a fast and objective diagnosis of MG and, thus, is the ideal test for such purposes. 1 However, reports on the RNS test in MG crisis have been scarce. 1 We report our experience with the RNS test in MG crisis.
METHODS
Diagnosis of MG. Diagnosis of MG was made when easy fatigability or fluctuating weakness was accompanied by abnormality in 1 of 3 tests: the acetylcholine receptor (AChR) or muscle-specific tyrosine kinase (MuSK) antibody (Ab) test; the RNS test; or single-fiber electromyography (SFEMG).
2,3
Definition of MG Crisis. MG crisis is defined as the acute inability to breathe and/or swallow, requiring admission to an intensive care unit (ICU), based on the Jani-Asadi and Lisak criteria. 4 We chose the Jani-Asadi and Lisak criteria because they are clinically practical and simple, and also include severe bulbar palsy, which can potentially lead to aspiration and respiratory failure. 4 RNS Test. Since the protocol and normal values for the RNS test were established in the early 1970s, we have collected and subsequently analyzed data from over 600 consecutive RNS tests performed at our medical center. 1, 2, 5 All RNS tests were performed during MG crisis.
The RNS test was performed with the recording surface electrodes placed on the abductor digiti quinti (ADQ) and flexor carpi ulnaris (FCU) muscles according to the bellytendon method, and with the stimulating electrodes at the elbow of the ulnar nerve according to Oh's method. 1, 2, 5 Supramaximal stimulation was given to record the CMAP at rest and after exercise (for 30 seconds; for 10 seconds since 2008), at low-rate stimulation (LRS; 2, 3, and 5 HZ) and at high-rate stimulation (HRS; 50 HZ for 1 second); posttetanic facilitation (5-HZ response immediately after 50-HZ stimulation); and posttetanic exhaustion (5-HZ response 4 minutes after 50-HZ stimulation). 6 The peak-to-peak amplitude was measured. At LRS, the first response was compared with the lowest CMAP among the first 5 responses, and, at HRS, the first response was compared with the lowest or highest CMAP elicited in 1 second. Skin temperature of the hand was controlled at or above 32 C. The RNS test was performed with the recording electrodes placed on the orbicularis oculi (OO) muscle with stimulation at the zygomatic branch of the facial nerve for the OO muscle and with the recording electrodes placed on the trapezius muscle with stimulation at the accessory nerve for the trapezius muscle according to Oh's methodology. 6, 7 Supramaximal stimulation was given to record the CMAP at rest and at 2, 3, and 5 HZ. Skin temperature of the face was controlled at or above 32 C. Exercise was not performed on the OO and trapezius muscles to avoid any possible displacement of stimulating electrodes from the original stimulating site.
The various parameters of the RNS test were compared with normal limits in normal subjects and statistically analyzed. There were 40 normal subjects for the ADQ and FCU muscles, 20 for the orbicularis muscle, and 30 for the trapezius muscle. The normal limit for the various parameters was defined as the mean AE 2 standard deviations. RNS tests on 2 muscles were required for inclusion in this study. 2, 5, 7, 8 Statistical Analysis. Unpaired, paired, and chi-square tests were used for statistical analysis. P < 0.05 was considered statistically significant. This study was approved by the institutional review board (IRB) at the University of Alabama at Birmingham (UAB; 30000183)
RESULTS
Patients. During a 20-year period between 1997 and 2017, we identified 26 (15 women) patients with MG crisis, and RNS tests were performed during crisis in the retrospective review (Table 1) . They ranged in Bold indicates abnormal values. AChR, acetylcholine receptor; ADQ, abductor digiti quinti muscle; CMAP, compound action potential; FCU, flexor carpi ulnaris muscle; HRS, high-rate stimulation; LRS, low-rate stimulation; MuSK, muscle-specific tyrosine-kinase; OO; orbicularis oculi; PEF, postexercise facilitation; RNS, repetitive nerve stimulation.
*Acute myasthenia gravis with onset <4 weeks.
age from 25 to 79 years, with 17 (65%) of them over 60 years of age. Duration of MG from onset of symptoms ranged from a few days to 7 years. Nine patients had MG symptoms for less than 1 month. RNS Tests. All RNS tests were performed in all 4 muscles in 13 patients, in 3 muscles in 6 patients, and in 2 muscles in 7 patients (Table 1) .
The RNS tests were abnormal in 24 (92%) of 26 patients by decrement by LRS (classic MG pattern) at least in one of tested muscles. In 2 patients (patients 1 and 21), the RNS tests in the ADQ, FCU, OO, and trapezius muscles were normal, and SFEMG in the extensor digitorum (ED) muscle was abnormal, confirming the diagnosis of MG.
Abnormal RNS tests were found in 17 of 24 (71%) patients in the ADQ, in 12 of 18 (67%) in the FCU, in 17 of 20 (85%) in the OO, and 13 of 22 (59%) in the trapezius muscle. There was no significant difference in abnormal rates among the ADQ, FCU, and OO. However, the abnormal rate in the OO was significantly higher than in the trapezius muscle (P = 0.026).
Decrement at LRS (classic MG pattern) was the most common abnormality in 24 patients: 14 of 24 (58%) tests in the ADQ; 11 of 18 (61%) tests in the FCU; 17 of 20 (85%) tests in the OO; and 13 of 22 (59%) tests in the trapezius muscle. Decrement at the high-rate stimulation (HRS) was observed in 12 of 21 (57%) in the ADQ and 9 of 17 (53%) in the FCU muscle. Decrement at LRS and HRS (severe MG pattern) was observed in 8 of 21 (38%) in the ADQ and 8 of 17 (47%) in the FCU muscle. Low CMAP was observed in 7 of 22 (32%) in the ADQ, 4 of 17 (24%) in the FCU, 6 of 19 (32%) in the OO, and 14 of 20 (70%) in the trapezius muscle.
Three different patterns of RNS abnormality were observed. Twenty-two patients had the "classic MG pattern" (decrement at LRS). One acute MG patient (patient 3) had a "Lambert-Eaton myasthenic syndrome (LEMS) pattern" with low CMAP, 21% decrement at LRS, and 86% increment at HRS. In this case, the first test at the referring hospital 5 days before the UAB test showed normal findings in the ADQ muscle according to the Mayo Clinic method, 1 ruling out the diagnosis of LEMS, and AChR-Ab was positive, confirming the diagnosis of MG. One patient (patient 22) with a known MG diagnosis had an ACh-overdose pattern (cholinergic crisis pattern), which included repetitive discharges in the CMAP and "decrementincrement response" (dip phenomenon) with HRS ( Fig. 1) . 9, 10 This patient was on a 180-mg/day dose of pyridostigmine at the time of cholinergic crisis. Cholinergic crisis was unsuspected because of lack of other symptoms suggestive of cholinergic overdose. AChR-Ab and MuSK antibody tests were negative. In this patient, the maximal tolerable dose of pyridostigmine was 30 mg 3 times per day.
DISCUSSION
Our study has shown that: (1) MG crisis as the first manifestation of MG is not uncommon, as it was seen in two thirds of our patients; (2) RNS test is abnormal in most MG crisis patients; and (3) 3 different patterns are observed in abnormal RNS tests.
Respiratory failure was reported to be the first manifestation of MG in 14%-18% of MG patients with respiratory failure (MG crisis). 11, 12 In contrast to 2 previous studies, 69% of patients had MG crisis as the first manifestation of MG in our study. The difference in rates of myasthenic crisis as the first manifestation of MG between the previous studies and ours is partly due to the difference in the criteria for MG crisis, but most likely reflects the difference in the referral pattern of patients to our center and the practice pattern we utilize. Queresi et al.'s series collected cases of MG crisis from 4 university-affiliated hospitals. 11 Racey et al.'s experience was from the Mayo Clinic. 12 In the patients who presented with MG crisis as the first manifestation of MG, rapid diagnosis of MG was critical for therapeutic management. The edrophonium test may be used for this purpose because of its rapid onset of action (30 seconds) and short life (5 minutes). 13 Diagnostic sensitivity is reported to be 90%. However, objectivity is lacking because the test relies on the patient's response and physician's neurological evaluation. It can register as false positive in LEMS and botulism. 13 False negative response was also reported in MuSKAb-positive MG.
14 During crisis, its effectiveness is further limited because the examiner often has difficulty finding an "objective" measurable index for quantifying improvement.
Thus, the RNS test is ideal in terms of simple and objective assessment, even in an era of serological testing for MG, and has been used as an adjunct laboratory test together with SFEMG in practice. Diagnostic sensitivity of the RNS test in MG was reported to be 66%-77% when the distal and proximal muscles were tested. 1, 15, 16 Diagnostic sensitivity increased with severity of MG: from 17% to 45% in ocular MG (Myasthenia Gravis Foundation of America [MGFA] I) to 79% to 100% in severe MG (MGFA V). 1, 5, 17, 18 Thus, it was assumed that "almost all" patients with MG crisis have abnormal RNS tests. For the known MG patients, the RNS test can further confirm MG as the cause for MG crisis among the various explanations for respiratory failure. Through a PubMed search by "MG crisis, RNS test or electrophysiological test," we found reports of RNS testing in MG crisis to be scarce. Qureshi et al. described 8 patients with respiratory insufficiency requiring mechanical ventilation (MG crisis) as the first presenting symptom of MG. 11 The diagnosis of MG was confirmed by edrophonium test alone in 3 patients, by RNS test alone in 2, by edrophonium test and RNS test in 2, and by positive AChR-Ab in 1. The RNS test was performed in 6 patients and "abnormal RNS test" was found in 4 (67%) patients. No detailed description of the RNS test or abnormality was reported.
Our study showed "decrement at LRS," the classic MG pattern, in 24 (92%) of 26 patients, confirming the rapid diagnosis of MG. In 2 patients who had normal RNS tests, SFEMG of the extensor digitorum communis (EDC) muscle showed abnormal jitter, confirming the diagnosis of MG.
1,2 A 92% abnormal rate of decrement is comparable with 79%-100% positive rates for the RNS test in "severe MG" (Osserman classification IIC or MGFA classification IV or V). 1, 17, 18 This is higher than the 67% reported in MG crisis by Qureshi et al. 11 In 9 (64%) of 14 patients with dyspnea, Zifco et al. also reported abnormal decrement in the diaphragm and trapezius muscles. The authors did not mention MG crisis in any of the patients. 19 We found 3 different patterns in the RNS test in MG crisis: an MG pattern; a LEMS pattern; and a cholinergic pattern. The most common pattern in MG crisis was the classic MG pattern, decrement at LRS, as expected. 1, 12, 15, 18 Among patients who had HRS of the ADQ and FCU muscles, we found a severe MG pattern (decrement at LRS and HRS) in about 40% of patients who had HRS in the ADQ and FCU muscles. 1, 2 In contrast to milder forms of MG, this pattern was observed mostly in severe forms of MG. In mild MG, the normal physiological event of ACh quantal release at HRS can compensate for the diminished quantal response, producing a normal response at HRS. In severe MG, the postsynaptic block is so severe that physiologically increased ACh release cannot compensate for the markedly diminished quantal response, thus still producing a decremental response. 2 We identified cholinergic crisis in 1 patient by the typical RNS pattern: repetitive discharge in the CMAP, and the dip phenomenon. 1, 9, 10 This patient developed cholinergic crisis while taking 3 tablets (180 mg) of pyridostigmine daily, and thus was not initially suspected of cholinergic crisis. Anticholinergic hypersensitivity is also well known in MuSK MG. 14 However, MuSK antibody was negative in this patient. Historically, cholinergic crisis was common before the era of immunotherapy in MG and diagnosed by worsening of symptoms with edrophonium injection. 1 In our patient, the classical pattern of anticholinesterase overdose according to RNS testing was the key in recognizing cholinergic crisis. This pattern was also observed in organophosphate poisoning, and 2 forms (slow-channel syndrome, endplate anticholinesterase deficiency) of congenital myasthenic syndromes. 1 In 1 patient, we observed the classical triad of LEMS during worsening of MG symptoms on day 10 of MG onset. In the literature, 5 cases of transient "LEMS pattern" according to RNS testing were reported during worsening of MG. 20 In those cases, it is important to compare the test before or after the RNS test to rule out LEMS. In our patient, the RNS test 5 days before the test showed normal findings, ruling out LEMS. We emphasize that the transient "LEMS pattern" may rarely occur in worsening of MG. Otherwise, a diagnosis of LEMS could be made by mistake.
In 2016, Liik et al. reported abnormal RNS tests (>10% decrement) in 1 of 9 patients with "acute severe generalized MG" (<4 weeks of symptoms), including 1 patient with MG crisis. 21 This was an unexpected finding considering the severity of MG, despite the short duration of disease. 1, 2, 17, 18 In contrast to their report, we observed abnormal RNS tests in 13 of 14 (93%) acute MG patients. 22 In 2 patients, SFEMG in the EDC muscle was needed to confirm the diagnosis of MG. SFEMG lacks a specificity for MG diagnosis but is the most sensitive diagnostic test for MG, being positive in 92%-96% of MG patients. 1, 2, 16 This test can be performed even in the intensive care unit, but is limited by the lack of widespread availability of experts who can perform the test.
We conclude that, during MG crisis, the RNS test can: provide a rapid and sensitive diagnostic test for MG in the majority of patients; identify an unsuspected cholinergic crisis; and identify a LEMS pattern. SFEMG was needed for confirmation of MG diagnosis in a small number of patients.
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